Objective To evaluate the validity of quantitative lymphoscintigraphy as a useful lymphedema assessment tool for patients with breast cancer surgery including axillary lymph node dissection (ALND). Methods We recruited 72 patients with lymphedema after breast cancer surgery that included ALND. Circumferences in their upper limbs were measured in five areas: 15 cm proximal to the lateral epicondyle (LE), the elbow, 10 cm distal to the LE, the wrist, and the metacarpophalangeal joint. Then, maximal circumference difference (MCD) was calculated by subtracting the unaffected side from the affected side. Quantitative asymmetry indices (QAI) were defined as the radiopharmaceutical uptake ratios of the affected side to the unaffected side. Patients were divided into 3 groups by qualitative lymphoscintigraphic patterns: normal, decreased function, and obstruction. Results The MCD was highest in the qualitative obstruction (2.76±2.48) pattern with significant differences from the normal (0.69±0.78) and decreased function (1.65±1.17) patterns. The QAIs of the axillary LNs showed significant differences among the normal (0.82±0.29), decreased function (0.42±0.41), and obstruction (0.18±0.16) patterns. As the QAI of the axillary LN increased, the MCD decreased. The QAIs of the upper limbs were significantly higher in the obstruction (3.12±3.07) pattern compared with the normal (1.15±0.10) and decreased function (0.79±0.30) patterns. Conclusion Quantitative lymphoscintigraphic analysis is well correlated with both commonly used qualitative lymphoscintigraphic analysis and circumference differences in the upper limbs of patients with breast cancer surgery with ALND. Quantitative lymphoscintigraphy may be a good alternative assessment tool for diagnosing lymphedema after breast cancer surgery with ALND.
INTRODUCTION
Secondary lymphedema during the treatment of malignancies is common, especially in breast cancer patients who are treated with axillary lymph node dissection (ALND) [1] . Previous studies have reported the incidence of secondary lymphedema after breast cancer treatment to range from 2% to 83%, but the incidence is generally accepted as being approximately 30% in patients treated with axillary surgery [2, 3] . Nevertheless, patients with lymphedema will still suffer without appropriate interventions if their primary physician or even surgeon lacks a complete understanding of its therapeutic importance [4] . Some previous studies showed that even mild lymphedema could be problematic, both cosmetically and psychologically, and that it could decrease the quality of life of patients with breast cancer surgery with ALND [5, 6] . Therefore, early diagnosis of lymphedema for early intervention with an objective measurement tool is important [7] [8] [9] .
For objective assessment of lymphedema and its severity, methods such as measuring limb circumference and/or volume, performing tissue tonometry, and/or conducting water displacement tests have been used [10] . Of these, measuring limb circumference is the most commonly used diagnostic tool for lymphedema because it is simple and convenient, although it has been controversial. Recently, lymphoscintigraphy has been widely considered to be the most appropriate tool for providing a more objective evaluation of lymphedema [11] [12] [13] [14] .
In contrast with other measurement tools that only reflect lymphedema volume or soft tissue composition, lymphoscintigraphy offers an objective and reliable approach to diagnosing and specifically characterizing the severity of lymphedema with visualization of regional lymph nodes (LNs), lymphatic channels, collateral lymphatic channels, interrupted vascular structures, and the deep lymphatic nodes [15] . Until recently, lymphoscintigraphic interpretations have generally been qualitative. These qualitative findings include asymmetric uptake patterns of radiopharmaceuticals in the proximal LNs, the main lymphatic vessel, the presence of radiopharmaceutical uptake in collateral lymphatic vessels, and abnormal dermal backflow. Hwang et al. [16] used a qualitative lymphoscintigraphic interpretation as a prognostic tool for breast cancer-related lymphedema patients, and the lymphoscintigraphic findings of the main lymphatic vessels without collateral lymphatic vessels were the best predictors of a positive response to lymphedema treatment. A number of studies have assessed the value of lymphoscintigraphy in gynecological cancer-related lower limb lymphedema, which is a common complication after treatment [15, 17] . Because Stanton et al. [18] used the drainage rate constant (k) of lymphoscintigraphy to quantitatively diagnose ipsilesional hand lymphedema following breast cancer treatment, we decided that quantitative lymphoscintigraphic findings could provide more objective data for treating patients who have lymphedema after breast cancer surgery with ALND.
The aim of this study was to evaluate whether quantitative and qualitative lymphoscintigraphic analyses are correlated with each other and with circumference differences in the upper limbs of patients who have had breast cancer surgery with ALND -that is, whether quantitative analyses are a good alternative assessment tool for diagnosing lymphedema.
MATERIALS AND METHODS

Subjects
A retrospective chart review was performed for patients who were clinically diagnosed with upper limb lymphedema by post-operative onset of lymphedema symptoms in the Department of Rehabilitation Medicine between February 2011 and December 2014. Inclusion criteria for this study were 1) clinically diagnosed lymphedema with chief complaint of aching, discomfort, feeling of heaviness or tightness, and swelling, hardening, and thickening of the skin of the arm ipsilateral to the BCS site; 2) history of breast cancer surgery with ALND; 3) history of radionuclide lymphoscintigraphy for clinically diagnosed lymphedema and having already been categorized by qualitative lymphoscintigraphic patterns as normal, decreased function, or obstruction; and 4) having measurements of the differences in circumference between the affected and unaffected upper limbs. Exclusion criteria were 1) presence of certain comorbidities (current metastasis, vascular disease, active conditions such as cellulitis, or wound infections of the affected upper limb), 2) history of trauma, 3) history of surgery to the affected upper limb, and 4) dissection of only sentinel LNs.
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The present research was approved by the Kyungpook National University Hospital Institutional Review Board (No. 2015-03-041).
Lymphedema assessment
Quantitative lymphoscintigraphic analysis The radiopharmaceutical used in this study was 185 MBq radiolabeled 99m Tc phytate. After subcutaneous injection of particles into the second interdigital spaces of the dorsum of both hands using a 25-gauge needle, patients were immediately encouraged to exercise with a rubber ball to encourage lymphatic flow in both upper limbs for 30 minutes. Follow-up planar images were taken 30 minutes, 1 hour, and 2 hours from the injection time using a dual-head gamma camera (Infinia Hawkeye; GE Medical Systems, Milwaukee, WI, USA). Data were analyzed with Xeleris software (GE Medical Systems). We used the images that were obtained at 2 hours, which were the most accurate for demonstrating the proximal lymphatics and abnormal dermal backflow even in patients with very slow lymphatic progression [19] [20] [21] . The radioscintigraphic results were interpreted by consensus of two nuclear medicine physicians who were blinded to other clinical information.
The quantitative lymphoscintigraphic analysis used the quantitative asymmetry index (QAI) for both upper limbs with reference to previous studies [18, 22] . The regions of interest (ROIs) of both axillary LNs were drawn with circular boundaries of the same size as the radiopharmaceutical uptake areas of the unaffected axillary LNs in anticipated symmetric locations. The ROIs of both upper limb areas were drawn with rectangular boundaries that were the same size as the unaffected upper limb areas. Because of excessive collateral LN uptake at the elbow and high radioactivity from the radiopharmaceutical injection in the hand, the area of the rectangular boundary was divided into the upper arm and the forearm region to exclude the elbow and hand. At the time of analysis, we ignored the asymptomatic upper limb area, and the selected area was the upper arm or forearm region (Fig. 1) . The asymmetry indices of the axillary LN and the upper limb were calculated with the radioactive ROI using the following formula, where the gamma count was the total radiopharmaceutical uptake in the ROI: QAI = gamma count in ROI of affected side gamma count in ROI of unaffected side
Qualitative lymphoscintigraphic analysis
Qualitative lymphoscintigraphic patterns were also described by analyzing the uptake patterns of the axillary LNs and the symptomatic areas of the upper limbs [15, 18] . Tc phytate at the axillary LN and upper limb, (B) the decreased function pattern showed decreased uptake at both the axillary LN and upper limb (arrowhead), and (C) the obstruction pattern showed little uptake at the axillary LN and highly increased uptake in the upper limb (arrowhead).
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Patterns were defined as follows: a normal pattern showed a normal lymphatic system with visualization of the superficial lymphatic system and a normal axillary LN. A decreased function pattern showed decreased visualization of lymphatic channels or delayed lymphatic flow ipsilateral to the breast lesion. An obstruction pattern showed abnormal dermal backflow or few or no axillary LNs (Fig. 2) .
Maximal circumference differences in the upper limbs
The upper limb circumferences were estimated using a non-elastic measuring tape in five areas on the same day as the lymphoscintigraphy: 1) 15 cm proximal to the lateral epicondyle of the humerus; 2) the elbow, specifically, the mid-point between the medial and lateral epicondyle; 3) 10 cm distal to the lateral epicondyle; 4) the wrist, specifically, the mid-point of the wrist crease; and 5) the metacarpophalangeal joint [23, 24] (Fig. 3) . To maximize reliability, estimated circumferences were recorded by calculating the average value of two measurements by one specialist physical therapist who was blinded to other clinical information. Then, the maximal circumference differences (MCDs) at the uppermost symptomatic upper limb areas were calculated [25] .
Statistical analysis
All statistical analyses were conducted using SPSS software ver. 19 for Windows (IBM SPSS, Armonk, NY, USA).
To confirm the correlations between the quantitative and qualitative data, and the correlations between the qualitative data and the MCDs at the upper limbs, the Kruskal-Wallis test was used. Specifically, the c 2 and
Kruskal-Wallis tests were used to compare qualitative lymphoscintigraphic pattern baseline characteristics. www.e-arm.org 
RESULTS
General characteristics based on qualitative lymphoscintigraphic analysis Our study comprised 72 patients with lymphedema after breast cancer surgery with ALND. All patients were women, and their mean age was 53.0±8.1 years. The qualitative lymphoscintigraphic patterns revealed that 7 patients showed a normal pattern, 38 had a decreased function pattern, and 27 had an obstruction pattern. No statistically significant differences were found by pattern with regard to breast cancer stage, pathology, surgery type, having received radiotherapy or chemotherapy, body mass index ≥25, or time after surgery (Table 1) .
Correlation between quantitative and qualitative lymphoscintigraphic analysis
In the quantitative lymphoscintigraphic analyses, the QAIs at the axillary LNs were significantly lowest in the obstruction pattern and highest in the normal pattern among the three qualitative patterns. The decreased function pattern showed significantly higher QAIs than did the obstruction pattern and lower QAIs than in the normal pattern. At the axillary LNs, the indices were 0.82±0.29, 0.42±0.41, and 0.18±0.16 for the normal, decreased function, and obstruction patterns, respectively.
However, in the upper limb areas, only the values for the obstruction pattern were significantly higher than the others, with the lowest values in the decreased function pattern. In the upper limb areas, the indices were 1.15±0.10, 0.79±0.30, and 3.12±3.07 for the normal, decreased function, and obstruction patterns, respectively ( Table 2 , Fig. 4 ).
Correlation between quantitative lymphoscintigraphic analysis and maximal circumference difference
Higher QAIs of the axillary LNs showed significant inverse correlations with the MCDs in the upper limbs. The QAIs were 0.82±0.29, 0.42±0.41, and 0.18±0.16, and the 
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MCDs were 0.69±0.78, 1.65±1.17, and 2.76±2.48 for the normal, decreased function, and obstruction patterns, respectively. In addition, higher QAIs for the upper limbs showed significantly higher MCDs, and QAIs that approached 1 significantly correlated with lower MCDs (Fig. 5) .
Correlation between qualitative lymphoscintigraphic analysis and maximal circumference difference
MCDs in both upper limbs in the obstruction pattern were significantly higher than those in the other patterns, and MCDs in the normal pattern were lower than those for decreased function; specifically, the values were (A) Asymmetry index at the axillary lymph node (LN) showed significant differences among the three qualitative patterns, (B) QAIs at the upper limb areas in the obstruction pattern were significantly higher than those in the other patterns, and (C) the MCDs between the upper limbs in the obstruction pattern were significantly different from the other patterns (*p<0.05).
www.e-arm.org 0.69±0.78, 1.65±1.17, and 2.76±2.48 for the normal, decreased function, and obstruction patterns, respectively. This showed that the obstruction pattern was more highly related to the MCDs in both upper limbs compared with the other patterns ( Table 2 , Fig. 4 ).
Reliability of quantitative lymphoscintigraphic analysis
The overall intra-rater reliability (ICC=0.946) and interrater reliability (ICC=0.846) for lymphedema assessment in patients who had breast cancer surgery with ALND were excellent.
DISCUSSION
This is the first study to evaluate whether quantitative lymphoscintigraphic analyses correlate with qualitative lymphoscintigraphic analyses and circumference differences in breast cancer surgery patients with ALND and, consequently, whether quantitative analyses are a useful lymphedema assessment tool. Patients with a qualitative obstruction pattern had higher QAIs in their upper limbs and lower values in their axillary LNs, which reflected the decreased functioning of the normal main lymphatic flow to the proximal LN with increased abnormal collateral lymphatic flow such as abnormal dermal backflow. In the same way, MCDs were significantly correlated with higher QAIs in the upper limbs and lower QAIs in the axillary LNs. In addition, patients with the obstruction pattern showed statistically significant differences in the maximal circumferences of their upper limbs, as in previous studies [19] .
In breast cancer surgery patients with ALND, disrupted lymphatic patency from the surgery results in secondary lymphedema [26] . To measure swelling of the ipsilesional upper limb, the circumference difference method was not the standard, but it is the most commonly used lymphedema assessment tool clinically [27, 28] because measuring circumference differences is simple and costeffective. However, there are limitations to this method, such as hand dominance, fluid shifting, and irregular hand shapes. The mean normal inter-limb difference is 3% [29] . Some shifting of fluids is inevitable because of a patient's positioning and external compression along with irregularities in hand shape. In addition, this method allows for assessing total limb volume, but it may not reflect changes in extracellular fluid volume and thus is not a specific measure of lymphedema [30] .
To date, diagnosis of lymphatic dysfunction has been largely clinical, and additional assessments have only been used when the diagnosis is not completely clear [14] . However, over the past 20 years, lymphoscintigraphy has become an increasingly valuable tool and is now in widespread use around the world [19] . In fact, it is now established as the most advanced method for assessing the patency of lymphatics. It offers safety, ease of performance, and clear pre-morbid symmetry between the www.e-arm.org two arms with respect to both depot clearance and blood appearance rates [31] . In this study, we hypothesized that quantitative lymphoscintigraphic analyses that reflected the patency and function of lymphatics would be correlated with both widely used qualitative lymphoscintigraphic analyses and circumference differences in the upper limbs of breast cancer surgery patients with ALND.
A number of studies of lymphedema have used qualitative or quantitative lymphoscintigraphic analyses. Pecking et al. [19] found that qualitative lymphoscintigraphy that described the superficial and deep lymphatic systems, the proximal LNs, and abnormal dermal backflow reflected clinical lymphedema in the lower limbs. The presence of abnormal dermal backflow was correlated with severe lymphedema, as we also found. However, the authors of that study did not make a quantitative analysis and assessed only 60-minute images after radiopharmaceutical injections, which might not fully cover the delayed uptake of proximal LNs in lower limb lymphedema. Szuba et al. [22] revealed that a quantitatively calculated ratio of radioactivity within the affected to normal axillae was correlated with clinical swelling using the percentage of reduced edema volume in breast cancer patients. However, they found only proximal LN dysfunction, without significant lymphatic differences from the limb areas and collateral lymphatics, and they included lymphedema patients with non-operative treatment of breast cancer.
Our study included not only the proximal LNs but also the symptomatic limb areas. In the axillary LNs, both the qualitative obstruction pattern and a higher MCD were significantly correlated with a lower QAI. These findings may indicate that more severe lymphedema caused more severely impaired drainage of lymphatic fluid to the proximal LN. In this regard, both the qualitative decreased function pattern and a moderate degree of MCD were well correlated with moderately higher QAIs, and both the qualitative normal pattern and a lower MCD were also significantly correlated with a higher QAI. In contrast, in the upper limb area, both the qualitative obstruction pattern and a larger MCD were significantly correlated with a higher QAI. These results would seem to reflect increased collateral lymphatic flow in more severe lymphedema [18] . Additionally, and different from the results for the axillary LN area, the qualitative decreased function pattern showed the significantly lowest QAIs in the upper limb areas among the 3 patterns, indicating decreased lymphatic flow in moderate lymphedema. Interestingly, Dalia et al. [15] previously showed that both qualitative and quantitative lymphoscintigraphy were good methods for diagnosing lower limb lymphedema and were well correlated with each other. However, those authors included diseases such as deep vein thrombosis, venous insufficiency, erysipelas, trauma, and cancer. Unlike these previous studies, our study showed that quantitative lymphoscintigraphic analysis was well correlated with both qualitative lymphoscintigraphic analysis and the most commonly used measurement, circumference differences in the upper limbs, in breast cancer surgery patients with ALND.
Although this was a retrospective investigation, we also demonstrated the importance of quantitative lymphoscintigraphic analysis as an early diagnostic tool for lymphedema. Pecking et al. [19] revealed that qualitative data were always useful at the beginning of lymphatic dysfunction with no clinical edema apparent at the time of examination. Moreover, Dalia et al. [15] reported that quantitative interpretations are more sensitive than qualitative analyses for measuring circumference differences to differentiate normal patients from those with mild lymphedema. In this study, we included both proximal LNs and symptomatic upper limb areas in quantitative analysis for evaluating lymphatic flow in whole upper limbs. Additionally, our study used the MCDs in upper limbs, which were the same as the patients' uppermost symptomatic areas even when differences below 2 cm reflected high sensitivity in diagnosing lymphedema. An inter-limb difference of 2 cm is a widely used criterion for determining a positive test result, which leads to low sensitivity, which suggests that a negative result using this method alone may not provide sufficient information to rule out lymphedema [30] . Previous studies have emphasized that early clinical lymphedema detection and treatment are important for prognosis in breast cancer surgery patients with ALND [32] [33] [34] . Thus, quantitative lymphoscintigraphic analyses that use the QAI may be a new method for the early diagnosis of lymphedema severity for early treatment, even if patients do not yet show a large difference in the circumferences of their upper limbs.
Our study had some limitations. First, the number of patients with the qualitative normal pattern was small;
www.e-arm.org this is because asymptomatic or early-stage lymphedema patients do not visit lymphedema clinics. Second, the included patients had different levels of ALND. Third, we could not analyze symptomatic hand swelling because the second interdigital space of the hand dorsum was the radiopharmaceutical injection site, and as such, radiation shielding with a lead board was placed on both hands. Fourth, we used only one type of radiopharmaceutical, 99m Tc phytate, for economic reasons. Fifth, we measured only the circumference differences between upper limbs except for radiologic lymphoscintigraphic analysis. Finally, we do not yet have follow-up data. Future studies that include larger samples of patients, especially patients with the qualitative normal pattern, clearly stated levels of ALND, and long-term follow-up of both lymphoscintigraphy and clinical lymphedema severity as prognostic factors are needed to extend our results.
In conclusion, we found that the QAIs in the axillary LNs were lowest in the qualitative obstruction pattern, highest in the normal pattern, and inversely correlated with MCDs. In contrast, the QAIs in the symptomatic upper limbs were highest in the qualitative obstruction pattern and lowest in decreased function. These quantitative lymphoscintigraphic findings could well reflect both proximal and distal lymphatic flow in whole upper limbs. Thus, whenever we meet symptomatic patients after breast cancer surgery at any medical clinic, we should consider performing a quantitative lymphoscintigraphic analysis that comprehensively reflects both qualitative lymphatic dysfunction and circumference differences in the upper limbs for the early diagnosis of lymphedema and its severity in terms of lymphatic patency, so that early treatment can be recommended.
